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Abstract 
The bioelectrochemical systems are a sustainable technology that can be used to obtain electricity 
and/or reduced compounds. However, this novel technology presents several challenges prior to its 
implementation at full-scale. The aim of the present study was to evaluate different nanomaterials of 
electrode and mediators to increase the performance of BioElectrochemical Systems production. In 
order to achieve this objective, it was compared the use of Multiwall Carbon Nanotubes and Multiwall 
Carbon Nanotubes plus electron exogenous mediator (Meldola’s Blue) against plain graphite anode 
in order to evaluate the overall start-up time and other electro-chemical features. The use of multi-
walled carbon nanotubes reduces substantially (by 75%) the start-up time required in a microbial fuel 
cell to produce stable voltage both, with and without the use of mediator compare to the plain anode. 
This reduction of the required time can be a consequence of the formation of anodic binders between 
this compound and the bacteria. With the independence of the start-up time, the current production 
was similar in the three studied cases, about 650 mV. Use of nanotubes modified anode surfaces might 
be especially interesting in cases of recovery after unstable operation of a microbial fuel cell, and/or 
reducing the start-up time for the generation of energy from new systems. 
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1- Introduction 
The current global energy necessities are unsustainable in terms of environmentally, economically and socially. 
Globally, the energy supply is largely based on fossil fuels and nuclear power. All countries over the world recognize of 
vital importance to promote wide spread adoption of renewable energy to promote sustained economic growth, social 
development and environmental stewardship. Recently, BioElectrochemical Systems (BES) are an emerging eco-
friendly technology for bioenergy generation in which, bacteria interact with substrate and exchange electrons, either 
directly or via redox mediators. The most studied BES is the microbial fuel cell (MFC), which converts the chemical 
energy of the organic compounds directly into electrical energy through the catalytic actions of anaerobic electrogenic 
microorganisms [1, 2].  
The advantage of using MFC is that it possible to obtain electricity in circumstances where support electric is not 
possible. Although the power density of MFCs has increased more than 10,000 times in the past 10 years [3-5] the 
necessities of achieving increasing values is a challenge [6]. 
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The mechanisms involved in electron transfer such as materials of electrode, mediators, electrolytes, and nature of 
the biocatalyst inoculum, are some of the process key and play a profound role in power generation. Hence, it is essential 
to select an appropriate material for electrode or to modify the anode surface with certain electroactive superficies that 
can facilitate electron transfer. Traditionally, carbon electrodes in the form of carbon paper or graphite rods tend to use 
it [4, 7]. Graphite electrodes with roughened surface have shown to produce current density higher than smooth ones 
[8]. Likewise, increasing the surface area of materials has considerably increased current density [1, 8]. The use of 
nanotubes of carbon over graphite electrodes have received significant attention in fuel cell research for their unique 
structural and conductive properties, high surface area, high catalytic activity, and high resistance to corrosion [9]. 
Thus, Multiwall Carbon Nanotube (MWCNT) is a promising electrode material which might be used as an anode 
modifier in MFCs. Addition of MWCNT powder into the anode surface of a MFC is expected to give various desirable 
properties on the anode surface. Improvement of cell adhesion and growth is expected [10-12], and due to MWCNT 
unique electrical and structural properties catalyst support is expected as well [13].  
There are some mechanisms implied in electron transfer. Several microbial species release electrons to the anode 
electrode directly, such as outer membrane proteins [14] others use their electroactive metabolites and self-produced 
electron shuttles such as flavins and phenazines [15]. 
Their own nanowires, outer membrane and periplasmic extensions are used to transport electron [16]. But, in their 
majority they do not readily release electrons without the intervention of some artificial/natural redox mediators [17]. 
Dye molecules and humic substances mediators such as methylene blue (MB), meldola’s blue (MelB), thionine, 
naphthoquinone and neutral red; have been investigated on MFC performance [18].  
The aim of the present study was to evaluate different nanomaterials of electrode and mediators to increase the 
performance of BES production. In order to achieve this objective, it was compared the use of MWCNT and MWCNT 
plus electron exogenous mediator (Meldola’s Blue) against plain graphite anode in order to evaluate the overall start-up 
time and other electro-chemical features. 
2- Materials and Methods 
2-1- MFC Designs 
The used MFC model is shown in the Figure 1. The MFC consists of two Plexiglas plates with a single flow channel, 
two electrodes, and two Plexiglas support plates. The two plates with a flow channel were separated by a cation exchange 
membrane (CMI-7000 CEM) with a total working volume of 33.6 ml (11.2 × 0.2 × 1.5 cm) (l×b×h). The other side of 
the flow channel faced the electrode. The anode and cathode were made of plain graphite (MR200, gas tight impregnated, 
from Müller & Rössner GmbH & Co., Troisdorf, Germany). The surface area of the flow channel, and thus the projected 
surface area of the electrodes in contact with solution, was 22 cm2. 
Figure 1. MFC picture. Grafite electrode (black); cation exchange membrane (yellow), and framework (transparent) 
1-1- Experimental Configuration 
Three MFCs with three different anode surface compositions were used. A first one with plain graphite anode surface. 
On a second one, MWCNT powder (773840 Sigma Aldrich) was applied on the anode surface. The MWCNT surface 
area was 280-350 m2/g (≥98% carbon basis). The third MFC anode surface was applied with MWCNT powder and 
mediators. The mediator consists in 10 mg de Meldola’s Blue (MB) (Alfa-Asier) and 20 ml of DiMethylFormamide 
(DMF) (Sigma Aldrich). To study the anode performance, Fe(III)[CN]63− was used as electron acceptor in the cathode. 
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Acetate was fed as single substrate to the anode in all the cases. The followed research methodology is summarized in 
Figure 2.  
Figure 2. Schematic representation of the followed research methodology 
2-2- Anodes Preparation 
As first step, a cleaning process with alumina particles (3  µm) was carried out for the preparation of all the used 
graphite anodes. 
Subsequently, anodes with MWCNT and MWCNT+MB were sonicated during 20 min with nitric acid at 15%, and 
then, they were sonicated during 15 min with acetone. After these steps, for MWCNT, the 100 mg of material was 
dissolved with 5 ml of DMF. For MWCNT+MB, 100 mg of material was mixed with 10 mg of MB and, then, they were 
dissolved with 5 ml of DMF. Finally, they were uniformly distributed on the corresponded graphite anode surface. 
Anaerobic microbial pellets were collected from a full-scale Upflow Anaerobic Sludge Blanket (UASB) reactor 
treating brewery wastewater. They were used as inoculum of all three MFCs. The main characteristics of this sludge 
were:  pH: 7.5; Total Solids (TS): 69 g/L; and Volatile Solids (VS): 45 g/L. 
3- Results and Discussion 
Voltage profiles that occurred in the three MFCs with the different anode configurations are shown in Figure 3. As 
can be seen, the start-up time to reach stable maximum voltage was dramatically reduced when used MWCNT and 
MWCNT+MB compared to the plain graphite electrode. Concretely, around 40 days were needed to reach stable voltage 
production in plain graphite anode, while only around 10 days were needed to reach stable voltage production in both, 
MWCNT and MWCNT+MB. This represents a decrease of 75% in the start-up time when these systems with multiwall 
carbon nanotubes are used compared to the plain graphite electrode. It was noticed that start-up time in the 
MWCNT+MB surface was even slightly (one day) shorter than the MWCNT surface, but it was not a significant 
difference. The reduction of the required start-up time was higher than that reported by Song et al. [19], which described 
a decrease of around 25%. The reduction of the required time can be mainly explained by the increase of the available 
surface area in the anodes treated with MWCNT, which favour the formation of the biofilm [19, 20]. Moreover, other 
involved factor in the improvement on the performance of the MFC could be the improvement of the electron transfer 
rate, which is related with the adhesion of the microorganisms to the anode [21]. The adhesion is affected by the 
hydrophilic, electrostatic and van der Waals interactions between the anode surface and the microorganisms [19]. In 
fact, the preparation of the anodes MWCNT and MWCNT+MB with nitric acid carried out in the present study has been 
reported to increase the hydrophilic properties of the anodes because of the formation of functional groups [22]. The 
improvement derived of the addition of MB to the anode can be due to this compounds allows the formation of anodic 
binders between this compound and the bacteria. This phenomena was previously described by Li et al. [23], which 
reported that the effect derived of the addition of poly (bisphenol A-co-epichorohydrin) could be even more important 
that the hydrophily character of the anode.  
Although start-up time of MFC required to approach stable voltage was substantially reduced. Maximum stable 
voltage has not shown a significant difference between the studied surfaces, i.e. around +650 mV. This maximum stable 
voltage was close to the standard potential for the ferric/ferrous iron cathode, indicating that the microbial film in the 
MFCs were properly developed [24]. Moreover, these maximum stable voltages were similar than those obtained by 
Fermoso et al. [3], which reported a maximum voltage of +680 mV using a similar MFC and acetate as substrate. Song 
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et al. [19] described that the surface modiﬁcation of the anode with surfactant reduced the start-up time, although did 
not affected the reached stable voltage. Voltage profile is showing some dramatically decreasing production from time 
to time in the three studied cases (Figure 3). This behavior is due to substrate depletion. It is worth to notice how fast 
the current production is recovered after substrate addition. 
 
 
 
Figure 3. A. Voltage (mV) versus time in an unmodified anode of the MFC; B. Voltage (mV) versus time in a modified anode 
with multiwall nanotube (MWCNT); C. Voltage (mV) versus time in a modified anode with multiwall nanotube and Meldola’s 
Blue- Dimethylformamide (MWCNT+MB). 
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4- Conclusion 
The use of Multi-walled Carbon Nanotubes was very useful to decrease the required time for the start-up of a MFC. 
This improvement can be explained by the increase of the available surface area and/or an increase in the hydrophilic 
character of the anode. Likewise, short differences were obtained by the combination of MB to the nanotubes. This 
reduction of the required time can be a consequence of the formation of anodic binders between this compound and the 
bacteria. Further research is need to study if nanotubes application would be beneficial for long-term operation, 
especially in cases of recovery after unstable operation. Moreover, other mediators could be evaluated to maximize the 
biofilm formation rate and, hence, optimize the MFC behavior. 
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